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FOREWORD

This Quarterly Technical Report, covering the period 1 January—31 March

1971, was prepared by the Westinghouse Electric Corporation,
The research reported in this document ic supported by the Advanced

Research Projects Agency of the Department of Defense and is monitored
by the Bureau of Mines under Contract No. HO110377.
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SUMMARY

PURPOSE

Westinghouse is seeking field operating data with which to verify and extend
theoretical and laboratory data on the feasibility of employing the electron
beam gun to satisfy the needs for removal of hard rock. These practical data
will provide initial definition of equipment configuration and appliicable

modes of operation.

TECHNICAL PROBLEMS

Support Equipment. Westinghouse is modifying its existing 36-kW electron
beam gun and will provide support equipment necessary for fieid operation.

Field Tests. This program involves the use of the 36-kW electron beam gun
to determine whether iaboratory test data on meiting rates, breakage,
mechanisms, etc, can be extrapolated to predict field performance. The
fieid site being seiected wiii provide working faces representative of a
targe, relativeiy unfractured rock mass. During field tests, Westinghouse
wiil determine the techniques and procedures, such as cutting pattern, gun
tracing speed, and method of cut, reaquired to produce the optimum excava-

tion rate.

Theoretical Studies. Westinghouse wiil study the effects df different

heating geometries and heating rates on stress distribution patterns and
associated breakage phenomena. Westinghouse wiil aiso attempt to deveiop

theoret ical models for an optimum mode of operation,

Laboratory Tests. Westinghouse wili conduct iaboratory tests to support
theoretical work and fieid experiments and to extend the use of the efectron

beam gun to different rock types.

Systeins Analysis Study. Westinghouse wiil evaiuate the feasibiiity of

deveioping a hard-rock excavation system using the electron beam gun as

the prime source of power for rock fragmentation.



TECHNICAL RESULTS

This report covers effort performed during the first three months of the
contract., Work was performed in four of the five areas summarized above;
the systems analysis study wiil not become active until the field test
effort has been compieted and evaluated. A sixth area (not included in
the contract) is the completion of the 36-kW electron beam gun and its

conversion from a iaboratory model to a field test version.

Support Equipment. A design has been deveioped for the gun support or
carriage, and preliminary fabrication work has begun in the manufacturing
phase of the task (see Section 2). The gun carriage desian Is basicaily

a four-wheeled trailer with a movabie superstructure, which supports,
manipulates, and positions the gun during cutting operations. The motions
required are powered and controiled with an efiectro-hydrauiic drive system,
In addition to the gun, the carriage also supports its hydrauiic system
(motor, pumps, reservoir, etc.) and the gun's upper-stage vacuum system.
The carriage design specification and general assembly drawings are

included as Appendix A.

Field Tests, Flelid test activity to date has consisted primariiy of site
review and selection (see Section 3). Some aspects considered desirabie

in a test site are: (a) relativeiy hard rock, (b) large, relatively
unfractured rock mass, (c) several feet of overburden above the cutting site,
(d) large fioor area to minimize difficulty of operation, and (e) availabiiity
of utilities, security, living quarters, etc. Because of the additional Y
compi ications presented Iin underground operation, e.g., iimited space and
possibie environmentai problems, Westinghouse has concentrated on open
quarry sites for the first field tects, Several quarries and one mine
have been reviewed. As a resuit, the Logan Quarry in Aromas, Callfornia,
which is near Watsonvilie, has been tentatively selected as a site. Other
tasks being pursued in the field test phase are the specification for and
design of radiation shielding for the site.
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Theoretical Studies. A mathematlcal model that can describe the piercing

of the rock by the electron beam and the subsequently produced thermai
stresses Is under development (see Section 4). 1In its present stage, it
can describe the initial phases of the plercing process very weil. The
modeil results are in good agreement wlth the resuits of a series of
laboratory tests carried out expressiy to check the vaiidity of the theo-

retical approach.

Laboratory Tests. Laboratory experiments invoiving vertical piercing with
a 9-kW gun have been conducted in test specimens of gabbro, sandstone, and
quartzite (see Section 5). These experiments have yielded results that

are in good agreement with the predictions of the cavity model, developed

in the theoretical studies.

DoD IMPLICATIONS

The primary Implications within the DoD sphere of operations, which could
result from this field test program, may be summarized as follows: The
potential to satisfy any need for the fragmentatlon and removal of hard
rock from a predetermined location without degrading the structural

capabilities of the parent rock from which the removal was accomplished.

With an appropriate development program completed, one can envlsion the
appllcation of an electron beam gun to rock-removal systems for programs

such as:

Sanguine

Cheyenne Mountain
Minuteman
Safeguard

AEC testing

and quite probably a reasonable number of applications not yet recognizable.
However, it is Important to note that considerable product (system) deveiop-

ment will be required foliowing the assumed successful fleid tests before

a realiy productive system can be delivered.

viii
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IMPLICATIONS FOR FURTHER RESEARCH AND DEVELOPMENT

It is Westinghouse's belief that the current field test program will
demonstrate the state-of=-the-art potential of the electron beam gun as
applied to hard-rock fragmentation. Based on the results of these tests,
additional research and development effort can be envisioned in areas

such as:

1. Increase in power or increase in electron acceleration

voltage.

2, Effectiveness of the gun on various kinds of rock and

rock formations,

3. Analysis of potential environmental problems, e.g.,
a. Heat production
b. Radiation

c. Gases.
L. Improved knowiedge of rock mechanics.
These typical areas of continuing investigation will augment a product

development program, which is directed toward defining a realizable system
that wiil satisfy government and industrial needs for hard-rock removal.
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i. INTRODUCTICN

During the past three years, iaboratory tests conducted by Westinghouse
have shown that the electron beam gun (EBG) may be a promising tooi for

use in hard-rock excavation (Refs.! and 2)? These tests have been
conducted on smaii, unconstrained, laboratory test specimens weighing a

few hundred pounds. Under the present contract, fieid tests are to be
conducted to study the eiectron beam process on a semi-infinite, constrained

~ock mass, such as might be encountered in mining or tunneling operations,
The objectives of the eiectron beam gun evaiuation program are:
1. 7o obtain fieid operating data.

2. To determine the effectiveness and economic feasibiiity of the
electron beam gun compared with conventionai methods of hard rock excava-

tion,

3. To determine practical optimums for equipment configuration and

modes of operation.

In support of the foregoing effort, laboratory experiments and theoreticail
studies wiil be conducted to compute and If possibie, to predict, the
thermai stresses and the resuitant rock fragmentation for various cutting
strategies and eiectron beam parameters in different types of rock,

*Sece list of references in Appendix B.
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2. ELECTRON BEAM GUN AND SUPPORT EQUIPMENT

2.1 ELECTRON GUN AND CONTROLS

The electron gun is the key eiement in the new rock cutting machine, CEilec-
tron beam guns for weiding in vacuum and in the atmosphere have been buiit
by Westinghouse for some time and are described In Refererices 3 and L,
Therefore, only the main features will be descr!bed here. The electron beam
cnters the atmosphere through a series of apertures of dismeter 0.i5 cm to
0.6 cm,which separate a series of difrerentially pumped vacuum chambers that,
are connected to a series of vacuum pumps, In successive chambers an
increasingly better vacuum is achieved until in the electron gun chamber
proper, a high vacuum of IO"S Torr is attained. This arrangement is shown
schematicaiiy in Figure 2-1, taken from a previous pubiication. Before the
beam enters the atmosphere, it passes through an overpressure chamber at

o pressure of about 1.2 to 2 atmospheres, which also produces an effliuent
of gas from the gun muzzie Into the atmosphere. This prevents debris from
being sucked into the gun. The overpressure gas can be air, but it is
preferabie to use & gas of a iow atomic number, such as heiium, The beam
scatters less In helium than in alr, since the ratio of scattering cross
sections is 20:1., Therefore, with ~ffiuent heiium, the beam maintains its
power density for a loihger distance in front of the gun muzzie. The major
part of the helium, which is pumped through the vacuum system, is collected
and recycied. This keeps the totai consumption of heilum to a moderate
amount, At a later time, the helium may be repisced by a filame of burning
gas that will reduce beam scattering because of the iower density of the

hot gas.

The beam Is usually focused at the exit orifice of the gun to keep this
orifice as smail as possibie. It has been found however, that it may be
advantageous to focus the beam somewhat beyond the gun muzzle (see Figure
5-5 ), This requires using a larger beam exit orifice, because the beam
diameter ahead of the focus is larger; the new 36 kW gun has sufficient
pumping capacity to accommodate such larger orifices.
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Figure 2-1, Schematic of Nonvacuum Electron Beam Gun
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fhe electron beam gun (but not the gun support system) to be used in the
fieid tests is shown in Figure 2-2., The machine has three singie-phase
power suppiies rated i2 kW each. They are connected to a three-phase motor
generator set and together wiil yieid 36 kW of dc power at i50 kV. The
beam exit orifice of this machine is iocated at the end of a L-foot-iong
duct section. In the photograph, the machine is tiited so that the beam
exit orifice points towards the fioor. The machine can be rotated to shoot
the beam from a nearly verticai to a horizontai direction, But, in
principle. there are no iimits as to the orientation of the eiectron

qun. The gun and power suppiy package as such do not contain any moving
parts (if one disregards the drives for vacuum vaives, etc.). The totai
iength is 9 feet: the width, 4 feet; and the height, L-i/2 feet. This
package weighs approximateiy 1500 pounds. [t is connected to a set of smali
Rootes-type vacuum pumps hy fiexibie, 3-inch-diameter vacuum hoses, which
must be kept shorter than i2 feet. A further connection to a set of
mechanical pumps is made by two 3-inch hoses, which may be 30 to 60 feet
iong. A pian view iayout of this system is shown in Figure 2-3. The Beam
Centroi Console for starting up and monitoring the performance of the
machire can aiso be seen in Figure 2-2., Thi3s consoie must be within 200
feet of the machine, which is the present length of the cabies. Another
200-foot cabie goes to the man who performs the actual cutting operation
and who needs nothing but an ON/OFF button for the beam and, of course,

the gun positioning controis.

A more detaiied description of the electron gun itseif wiili be given with
the finai report.
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2.2 SUPPORT EQUIPMENT

Support equipment for the electron beam oun is comprised of the eiectricai
power suppiy system, the gun vacuum system, and the gun carriage The
electrical and vacuum equipment existed as iaboratory equipment prior to
work on the field test program, so the principal task in this area is the
des ign and manufacture of & carriage to support, position, and manipuiate
the gun during fieid test operations., The design task is now about 90
percent compiete, with oniy a few detaiis remaining to be resoived, Fabri-
cation of the carriage structure has begun, and it is expected to be com-
pieted by iate May i197i.

The carriage i: designed to permit working on vertical rock face approxi-
mateiy 8 feet high by 8 feet wide. It has the capability to move the gun
in the horizontai (X-axis) and vertical (Y-axis) directions paralle! to
the rock face and in the horizontal direction perpendlcular to the rock
face (2-axis) tc compensate for irreguiarities in the rock surface. The
attitude of the gun reiative to the rock face is #iso varlable as the
carriage can rotate the gun Iin the horizontal (yaw) and vertical (pitch)
pianes. (A more compiete description of the carriage Is given in the
carriage design specification,Appendix A of this report.)

z.2.1 Design Description **

The initial design concept consisted of a two-wheeled traller, which
provides the basic carriage, and several movable structures mounted on

the traiier, which permit the motions previously described. A rectanguiar
frame Is contained within the trailer frame and is supported by troliey
wheeis that ride on the iongitudinal members of the trailer. This wheeled
box frame provides 30 inches of Z-axis motion. A second rectangular frame
(the X-axis frame) Is contained within the Z-axis frame and is similarly
supported by troiiey wheels, which ride on the transverse members of the
l-axis frame., The X-axis frame permits up to 36 inches oi motion in the

#See Appendix A for the carriage assembiy drawings.
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X-axls dlrectlon., A thrust bearing is mounted on the X-axls frame and
supports the carriage superstructure. Thls superstructure/thrust bearing
combination ~esults In a turntable that permits rotation in the yaw mode,
The superstructure |s comprised of two vertical members, which support and
gu’de the gun mount during motion in the Y-axis direction. The gun mount,
Itself, 1s a 2-inch-diameter shaft that rotates and thereby provides the
pltch rotation capability. The ends of the plitch shaft are supported by
bearings incorporated in the Y-axls guides, which move vertically in the

aforementioned vertical members.

The initiel concept used a roller chain drive system, powered by dc varlabie
speed gearmotors. This system was seiected because (i) the smaii power
requirements would result in a relatively low cost drive system, (2) most
components appeared to be available as 'off-the-shelf'' hardware, (3) the
abillty of ir>ller chaln systems to function at low speed in dirty environ-
ments with minimum of maintenance is a desirabie feature, and (4) the speed
control capability of a dc drive system was attractive, Initial design
layout work was done using the foregoing d¢ motor/rollier chain system.

At this stage in the design task, it became apparent the* the power require-
ments for pitch rotation had been underestimated and that the low speeds
required were beyond the reduction capabiiity of most standard gearmotors.
At this point, the low-cost advantage of this drive system ceased to exist
as the estimated cost of the drive system was over $4000. Ailternate systems
were then explored with the final selection being the hydrau:ic system/
roller chain combination shown Appendix A, This system has hydraulic
cylinders and rotary actuators for power transmission and roller chains as
mechanical synchronizing devices. It sacr/fices the remote speed controi
capability of the dc moior system but has c¢ther advantages, such as

(1) Jower cost (about $2500), (2) buffering provided by the cylinders

(i.e., prevent free fall of components) :n the event of a mechanical
faliure, and (3) good reliabiiity, The speed control is retained through
the use of variable flow control valves for all motions, although spee!



changes must now be accomplished by changing valve settings on the carriage.
The remote speeu control feature could be regained through the use of servo
valves, but Westinghouse feels that a servo control system is more sophis-

ticated than is required for field test operations,
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3. FIELD TESTS

Effort in the area of field tests has been iimited toward (i) review and
selectlon of test sltes, (2) the development of site support equipment such
as radiation shieiding, and (3) registration of the eiectron beam gun with
the Callfornia State Department of Pubiic Heaith as a radiation producing

machine.

3.1 TEST SITE SELECTION

A meeting was heid at the U, S. Bureau of Mines Twin Cities Research Center
on 25 January 1970 to discuss various aspects of test sites. With this
discussion in mind, Westinghouse began to review candidate test sites.
Because of the compiications that might be encountered in an underground
mine site, such as limlted access and space and the possibiiity of environ-
mental probiems (heat, gases, etc.), Westinghouse has concentrated on open
quarry sites for the flrst fieid tests., Some of the aspects considered as

desirabie site features are the foliowing:
1. Geologlc considerations
a, Relativeiy hard rock type
b. Large, reiatively unfractured, constrained rock mass
c. Rock surface reiatively unweathered

d. Several feet of overburden above test iocation

2, Facility considerations
a, Availability of utilities, communications, security
b. Avaliability of acceptabie securlty arrangements

c. Safety requirements: proximity to medical faciiities and

X-ray film badge service.
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d. Avaiiability of large open work area around test site
e. Proximity to Westinghouse Sunnyvale, California
f. Avaiiability of accommodations for site personnel

g. Climate: minimal chance for precipitation during the four-

to six-week test period,

3. Site support considerations
a. Availabiiity of skilled and unskilled iabor

b. Avaiiability of support equipment such as cranes, welding

equipment, earthmoving equipment, etc.

With the foregoing criteria in mind, Westinghouse has reviewed 12 quarry
sites and | mine site. The mine, in Albuquerque, New Mexico, is unsuitabie
for our purposes because of its remote location, the limited access to
test faces, and the lack of utilities at the mine site, as well as other
reasons, The quarry sites visited ranged from granite quarries in the
Rocklin, California area; granodiorite quarries in Madera, California;

and granite, limestone, and sandstone quarries in the coast range from
Monterey to Marin County (north of San Francisco). Most of the sites
reviewed were deemed unsuitable for Westinghouse use for various reasons
such as inaccessibility, lack of sufficient rock face and overburden,
inadequate utilities available at the site, and high brobability of inter-
ference with the owners' quarrying operations. However, one site has been
located which fulfiils most of the site requirements and has therefore

been tentatively seiected as a field test site.

The seiected site is the Logan quartz gabbro quarry in Aromas, California,
near Watsonville (see Figure 3-1). This quarry is owned and currently
operated by the Granite Rock Company of Aromas, California and is availabie

for electron beam gun test use.
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It Is iocated about elght miles from Watsonville and Is approximately one
hour and 15 minutes trsvel time from the Westinghouse Sunnyvale facllity.
While not far from Watsonville, the site Is relatively Isolated and has
limited access; thusg securlty should not be & large problem, Utllitles
are avallable at the site, and site support equipment and labor are

available at cost from the quarry operator,

The quarry itself 1s approximately one-half mlle across and has a flat
floor of packed granite sand. The rock walls of the quarry vary from 80
to about 100 fee: high and present exce!lent exposures »f urweathered
rock, both fractured and relatively unfractured (see Flgure 3-2). The
rock itself is a hornblende quartz gabbro containing about 10 percent
quertz and 35 to 48 percent green hornblende. The Logan formation Is
described in greater detail by Donald C. Ross In Reference 3.
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Figure 3-2. South End of Logan Quarry Showing Rock Face and 100-foot Wall
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3.2 RADIATION SHIELDING

During the operation of the electron beam gun, radiation is produced in
the form of X rays as a by-product of eiectron acceleration. The radia-
tion is principaily backscatter from the point when the beam strikes the
rock, The radiation ievei at a distance of | meter from this point has
been estimated at approximateiy S00 mii iiroentgens per hour. This radia-
tion is nonresidual and disappears as socn as the beam is shut off, Since
the maximum permlssibie dose for occupationai exposure for the whoie body
is 1.25 roentgens for i3 weeks, shieiding s required to protect test
personnei and observers. The shielding consists of a iead-lined plywood
shed, 20 feet iong and i2 feet wide, with one end open, The open end Is
to be placed agalinst the rock face with the gun and carrlage Inside the
shed, The shed roof is aiso to be shleided to prevent the occurrence of
"'gky shlne."* Without a shieided roof, the radiation level could increase
to an unacceptabie levei at some distance from tie shlelded walls. Lead
ilning Is to be i2-pound iead (3/i6 Inch) on the roof and walls except

for the panels cliosest tc 'he radlation source, which will be 16=-pound
(V/4 Inch) iead. The shed Is equipped with leaded glass window for observers
and an operator's control booth, which also has leaded glass windows. The
structure is portabie to the extent on that it can be disassembled and
moved from one test location to another,

*Refers to radiation initialiy directed skyward but defiected back toward
earth because of interference with air moiecuies.
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3.3 CALIFORNIA STATE REGISTRATION

As defined by the Caiifornia Radiation Controi Reguiations,” the eiectron
beam gun faiis into the category of ''radiation producing machines' and,
therefore, must be registered with the State Department of Pubiic Heaith,
Public Heaith Department authorities have been contacted regarding registra-
tion requirements and registration will be submitted in the near future for
operation at the Aromas quarry., State regulations aiso govern such !tems

as radiation protection, warning sign markings, personnei monitoring, etc.
These reguiations are currently being studied to assure compi lance, but

no great degree of difficuity is anticipated in achieving this goal,

“Cal ifornia Radiation Controi Reguiations, Title i7, Pubiic Heaith,
Caiifornia Administrative Code, Chapter 5, Subchapter &, Sections 30100
through 30397.
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L. THEORETICAL STUDIES

L.i PIERCING WITH THE ELECTRON BEAM

A previous study (Ref. ¢ ) has shown that the power density in the eiectron
beam is so high and the thermai diffusivity of aii rocks so iow, that the
rock under the focused beam wili meit and vaporize quasi-adiabaticaily.
This means that no energy is lost by heat conduction, Knowing the power
density of the beam and the heat of meiting and vaporization for the rock,
we can therefore immediateiy determine the melted or vaporized voiume per
unit time and, hence, the speed with which the rock face wili recede under
the beam, However, since the electron gun cannot follow (the eiectron gun
being much bigger than the small hoie driiled by the beam) the distance
between the electron gun muzzie and the rock face wiil quickly increase.
With the increased distance, the beam spreads because of scattering and
therefore ioses power density. Thus, the rate of melting and/cr vaporiza-
tion wili decrease with time, The question is, what is the penetration

as a function of time and other factors?

Previous experience has shown that a beam of 9 kW and 150 kV will pierce

a hoie 2 inches deep within i5 to 30 seconds. The cavity wili grow further
to a depth of & to 6 inches in 2 to 3 minutes. Finally, an equilibrium
wiil be reac'ied where all of the incoming beam energy can be dissipated

by the walls of the cavity via heat conductions, From then on, the size of
the cavity wili remain constant, At this st&ge, the process is no ionger
adiabatic, since ail the heat flows into the solid rock and raises its
temperature. This is desirabie, because experience has shown the resuiting
thermai stresses can then rupture very large blocks of rock.

One wouid iike to have a mathematical modei that predicts the penetration
of the eiectron beam as a function of time, as weil as the development of
the thermai stress fieid as a function of time, for different types of
rock, whose materiai parameters, such as thermal diffusivity, mclting
point, etc., wiii differ. The overaii process is obviousiy very complex,
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and to treat It snalyticaliy, certaln simplifying assumptions must be made.
It seems deslrable to consider the various phases of the process separately.
For Instance, the inltial penetration of the eiectron beam, as long as It
Is adlabatic, can be treated separately. Then after the piercing cavity
achleves a certaln depth, attentlon can be switched to the temperature
fleld produced by the heat flow from the walis of thls cavity., These walls
are covered by a thin iayer of moiten rock because the eiectron beam is
scattered ond hits the wallis, and because the vapor condenses tnhere and
reieases its heat of condensation, Again, simpilfying assumptions must

be made as to the diameter and the shape of the wall .f the cavity, so

that we may, for reasons of economy, use certaln kiown anaiytical solutlons
of the translent heat flow equation. This is the approsch followed and
described In the foliowing paragraphs.

With respect to later deveiopments of thls theory, we shouid keep the
foilowing points in mind, The above approach of separating the forming-
phase of the cavity from the heat fiow phase neglects the heat flow Into
the rock during the time period in which the cavity is actuaily produced.
In principle, the resuiting error can be partiy compensated for by choosing
a zero time for the heat-fiow caiculation, which is earller than the polint
in time where the cavity has reached the assumed depth. On the other hand,
heat flow during the flirst few seconds represents actuaily very little
energy, and where the cavity growth Is fastest the speed of the melt-front
may even be greater than the speed with which a certain isotherm (tempera-
ture-wave) moves into the solid. Thls Is one of the essentlal features
distinguishing the electron beam plercing process from flame jet plercing.
A ''correct' zero time for the heat fiow calcuiatlons Is therefore difflcuit
to define in any case. Certainly, a correction needs to be applied to the
above modei for very much ionger times of power input, i.e., for plercing

t Imes of several minutes, where we aiready find a significant heat flow
Into the rock, yet a siow increase in the depth and width of the cavity.
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To date such ref inements of the caicuiat'ons have not been considered.
Approximate values for the temperature distribution as function of time
are obtained by iooking at the results of the simpiified caiculations at
various times t;- 1f, for these temperature caicuiations at successive
tlmes.ti. tl+|' etc. cavity sizes are used, which are computed on the
basis of '‘adiabatic'' growth in depth, then this yleids a kind of time-
step picture for the temperature fieid that may be accurate enough for
our purposes. Obviousiy, If one desires, the modei can be Improved at the
cost of additional computation time.

b,i.i Mathematicai Modei for the Initiai Piercing Process

To arrive at a relativeiy simpie and tractabie mathematical model for the

initial phase of the piercing process, the foliowing assumptions are made:

i. Where the center of the beam hits solid rock, the material
is meited and vaporized adiabaticaiiy; this means heat
conduct ion can be neglected.

2. The heat Input regquired to remove a certain voiume of rock,
caiied 'heat-of-removail'' and designated by H, is nzs.med to
have a definite vaiue. In the flirst instance it éan de
assumed H Is simpiy the total heat of vaporization. which 3
for ail rocks, has, a vaiue in the neighborhood of 14 kJ/cm?,

3. Ignoring for the moment the shape of the cavity, we assume
that the speed of penetration is determined by the inter-
action of the most intense part of the beam, i.e., the center,
with the solld rock.

L. The power density of the beam in the center is obviousiy
reiated to the spread of the beam due to scattering., Beam
scattering as a function of distance in the gas or the rock
vapor is assumed to be known from caicuiations or from
independent measurements.

5. As time progresses the cavity grows deeper and the elec~
tron beam must traverse a ionger path in the gas or vapor
before hitting the bottom of the cavity. Thus, increased
scattering of the eiectrons causes the beam to broaden,
to Increase its diameter, whereby the power density in the
beam center is diminished, (Note that the eiectron gun
itseif is much tco large to fit into the plercing cavity,
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thus it cannot foiiow the receding rock face; the broadening
of the beam ieads to a widening of the cavity,which we ignore

for the mmrant,

6. The spread in the beam diameter is not simpiy a iinear func-
tion of distance and must be carefuiiy determined or caicuiated.
Accordingiy the growth rate of the cavity is not a iinear
function of time either. Apart from scattering, other factors
iike the initiai anguiar aperture of the beam can also con-
tribute to the reduction in the power density with distance.

Working with these assumptions it must be kept in mind that the foiiowing

effects have been negiected:

a. The increase in beam diameter caused by the initiai
geometric-optical cone angie of the beam. (In the iater
experiments, but not in the theory, the order of magnitude
of this effect has been investigated as shown in Tabie 5-i.)

b. The change in muitipie scattering and therefore beam spread,
which is caused by either uniform or irreguiar heating of

the vapors or gas.

c. The enei,y ioss of the individual electrons, estimated to
be fess than 10 percent, which is caused by coliisions with

gas moiecuies.

The next requirement is an anaiytical expression for the reduction of
power density in the beam with distance., According to muitipie scattering
theory (Ref. 7), a thin electron beam moving in the direction +z and
starting at z = 0 has the foiiowing Gaussian intensity distribution in the

xs-piane at various distances from the muzzie of the gun:

2.2
j = o exp { o SO A/em? (1)
ercxz3 Zaz3

Accordingiy, the characteristic radius is

ry "/(123 = Joz Jod Cal
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(It increases more than proportlonally with dlstance, i.e., with the

1.5 power.)

The quantity a, which is Independent of distance, is given by the ex-

pression:

T el V2 (g 1/2
@=3 pv 1/3 mc
Z

3 of the gas through which the beam

where N is the number of atoms per cm
passes; 2, a welghted average of the atomic numbers of the elements in
the gas; e, the electronlc charge; p, the relatlvistlc momentum of the
electrons; v, the velocity of the electrons; m, the mass of the electron;

and c, the speed of light.

Note: Since pv Is nearly proportional to the accelerating voltage, and
since the logarlthmic term is slowly varying, it is apparent

that the beam diameter varies almost lInversely with_the

accelerating voltage.

Note: The gas denslty N varies inversely as the.temperature of the
gas, which 1s difficult to predict from theory alone. Accordingly,
we used a value of o = I.095x10-3, whlch was experimentally

determlned from prevlous beam proflle measurements.,

Note: The beam width is also roughly proportional to Z, the atomic
number; the compositlon of the rock (vapor) may therefore have

an influence on beam spread.

It should be pointed out that the above equatlons for beam spread hold
only in the so-called multlple scattering reglime, whlch comprises not more
than the first 10 percent of the so-called range of the electrons. For
larger distances, a Gaussian beam proflle is not found anymore; In fact,

beam spread and energy dissipatlon become rather complex. (Ref.8). In
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our present situation, the last 90 percent of range and energy of the

electrons fall into the solid rock, and cause its vaporization,

Depth of the Piercing Cavity. The power density at the center of the beam

as it strikes the rock face detzrmines the penetration speed and is given

according to equation (1) by

I U W
N* =i j(z)U =] ) = O W/cmz (3)

chxz3

2mz

where W = 1 U Iis the total beam power.
o] 0o

With reference to the definitions of Figure L-1, the ''rate of growth' of

the cavity can be expressed as

I1U

dz _ 1 .=l _00 cm/sec (&)
dt y* W H* 3
2mz

Upon integration, this yields an expression for the cavity depth as a

function of time

d = uwo t + zu } 174 -Z | (5)
2‘1‘””* o o

where the constant 2 is the location of the rock face before penetration

begins, and the cavity depth d is defined as z-z.

For small values of time, i.e., much less than 1 second at 9 kW depth is
directly proportional to time. For large times, the depth is roughly
proportional to the 1/4 power of the time. Our experimental data, discussed
in Section 5, are mostly from the intermediate region between these two
cases. Thus, the depth often appears to vary roughly as the 1/3 power of

time.

The influence of the beam voltage enters through the parameter a. Since ¢ is,

in the first approximation, inversely proportional to the square of the beam
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voltage, we see that the rate of growth ingr in proportion

square of the beam voltage., This is a very strong argument to use higher

voltages in the rock cutting process, in addition to the fact that the

initial radiance of the beam increases with the square of the voltage as
well. It must not be concluded from equation (3) that N* is proportional
to W . since equation (3) represents only the spread of an originally

infinitely narrow beam and says nothing about the initial radiance (Ref.9).

Volume and Shape of the Piercing Cavity, If adiabatic conditions prevalled

everywhere the volume of the cavity could be expected to be proportlonal

to the total energy input, but this is not the case and is not even deslrable,
Where the scattered beam strikes the wall, the rock will melt but will not
necessarily be vaporized. Rock vapor from the bottom center of the cavity
will condense on the walls and release its heat of vaporization, and cause
the walls to melt. From experience, we know the cavity stays relatively
narrow, and its walls are at the melting temperature of the rock. We can
therefore use the wall of the cavity as a reference surface of known
temperature for our subsequent calculations of the temperature distribution

in the solid rock.

The penetration rates according to the foregoing theory have been compared
to the experiments reported In Section 5, From these and previous experi-
ments, we also know that cavity widths are small compared to their depths.
As a first approximation, we assume a cylindrical cavity with a hemi-
spherical bottom. On this basis, we can proceed to calculate the tempera-
ture distribution in the surrounding rock as dlscussed in the following

section,
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L.2 TEMPERATURE DISTRIBUTION

As a reasonable yet tractabie model of the cavity for use in the subsequent
temperature and stress analysis, we assume we have a cyiindrical cavity,
which is deeper than it is wide and is terminated by a hemisphere 4t its
base. For simpiicity, we make the additional approximation that the
cavity is driiled to its fuli size instantaneousiy and that it; wails are
heid at the melting temperature of the roch. We are no ionger working
under the adiabatic conditions, but on the contrary, we assume that the
energy input to the waii is just enough to keep it moiten, Such a boundary
condition then specifies the amount of energy that flows into the solid
rock by heat conduction.

There exist in the ilterature soiutions appropriate for caiculating the
heat fiow through the waii of the cyiindrical cavity into the rock. In
particuiar, the transient soiution for an infiniteiy iong cylindrical
isotherm imbedded in an infinite medium is gliven by:*

[ ]
2[0_(u)Y_(Ru)-Y (u)J_(R
Tc(r’t)/ B (Tm-To) I’% e [_o - ZOFu JQ(U) OL( o ]d‘.‘_ + T
o ufyg ) + v, (u)] <
T at
bZ
R=-rp_
" b

where Tc is the temperature at radial distance r and time t, Tm' the
meiting temperature; To’ the ambient temperature; b, the radius of the
cyiinder; a, the thermai diffusivity; and J° and Yo’ the first-order
Bessei functions of the first- and second-kind, respectiveiy.

“See J. C. Jaeger, Journal of Mathematics and Physics, 34 (1955),
p. 316,

k-9



Similarly, the solution appropriate for the spherical bottom of the cavity
is that of a spherical isotherm imbedded in an infinite medium, which Is
given by::~*

T -T
Ts(r,t) _ma_o_ {I - erf Rl } + To
/1
We have completed a computer program that makes use of these two functions
to rapldly calculate temperatures for the large number of spatial points
useZ in the finite-element, thermai-stress calculations. In so doing we
obtain a good approximation to the correct temperatui'e distribution without
resorting to the time-consuming and expensive procedure of solving the
time-dependent heat equation numericaliy. The prugram uses the cylindrical
solution for any point inslde the rock whose denth is less than the depth
of the cylindricai portion of the cavity, For greater deptls, the program
assumes that the isotherms conform to smooth (eliipticai) curves, which
begin at positions dictated by the cylindricai soiution and end below the
cavity {on the axis defined by the beam) at points dicta:ed by the circular

solfutions.

Figure 4-2 shows the resulting isotherms for a cavity radius of 0.5 cm, a
melting temperature of 1800°C, a thermal diffusivity of SxIO-3 cmz/sec.
and an elapsed time of 30 seconds. Obviously this caiculation, based on
an infinitely long cyiinder, is independent of the depth that is assumed
for the cavity. The computer program that calculates the temperature
distribution can be used with any desired input data, such as meiting
temperature and thermal diffusivity of the rock, cavity radius, and elapsed
time. The two assumptions under which this temperature calculatlion is
valid are, as previously stated, that the cavity is no longer growing so
quickly that the melt-front moves with a speed comparabie to that of the
'"heat wave,'' and that the heat flow occurring during the initial cavity
plercing process Is negligibly small, because of the short times invoived

and the rapid progress of the melt-front,

“See H.S. Carslow and J.C. Jaeger, Conduction of Heat in Solids
Second Edition, Oxford University Press, London (19595 P. 257.
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L.3 STRESS CALCULATIONS

Work has been started using the above temperature data as Input data for
some generally avallable finite-element programs prevlously developed for
thermo-elastic and elastic-plastic stress calculations in varlous materlals,

Actual computations have not yet been started.



5. LABORATORY TESTS
S.1 TESTS IN SUPPORT OF THE THEORETICAL STUDIES

To check the penetration rates predicted Ly equatlion (5), a few laboratory
tests were made with our low-power 9 kW electron gun shooting a beam
vertical downwards. In one series of tests, the beam was fired into the
top face of a larger plece of rock, as we have done in the past. This has
the disadvantage that llquified rock may accumulate at the bottom of the
cavity; this factor is not included in our theoretical analysis. Therefore,
another set of tests was made in which the beam drilled the cavity very
close to a vertical face of the rock. In this case, the cavity breaks
through and the llquified rock can flow downwards and out. Thls corre-
sponds more closely to our theoretical assumptlions, and would closely
resemble the conditions that we find drllling a cavity with a horizontal
beam. Besides, the test is not involuntarily interrupted by the fracture
of the rock. Figure 5-1 shows such ''cavities' drilled along the smooth
face of a block of black gabbro from Oklahoma. The beam, running parallel
to the face, hit the top of the sample roughly 0,025 inch from the edge

of the rock. Ffigure 5-2 summarlzes the penetration as a function of time

as measured in both types of tests.

For the penetratlon observed along the rock face, the theoretical curve
follows the experimental polints closely., However, penetration into the
body initlally proceeds faster, which can be explained by the fact that
the vapor temperature is higher In the closed cavity. Therefore, the beam
scattering is lower, and the power density remalns higher than is assumed
in the theory. On the other hand, the penetratlion Into the body leveis
off after 6 to 7 seconds, most likely because 1lquid rock has accumulated
at the bottom of the cavity. These differences have not been investlgated

further.

Figure 5-3 shows how our general theory agrees with what we find in

different kinds of rock. Cavities were drilled, again along the face of
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the rock, in copper ore, in a calcareous sandstone, in so-called Sioux
quartzite, and in the Oklahoma gabbro. If anything may be concluded from
these few tests, then we can say that the initial penetration is perhaps
faster than predicted by the theory based on heat of evaporation of

H+ = 14 kJ, Especially for the sandstone, the later penetration is not

as deep as predicted. In quartzite, the cavity is not produced by melting
but rather by spallation and the exploslve expulsion of small particles;
in other words; less energy H* is needed than for vaporization. The
experimental points fall roughly on a curve computed with a value of H*

= 2.6 kJ. In this case, the whole experiment was also self-terminating

after five seconds when the small block burst into pieces.

Figure 5-3 also shows theoretical curves computed for H* = 2.6 kJ, 7.5 kJ,
13.6 kJ, and 21.3 kJ. The different behavior of the sandstone can perhaps
be explained on the basis that, initlally, it spalls (H* = 7.5 kJ) and
later spalling is inhibited by a layer of molten rock. Alternatively,
liquid that keeps flowlng into the beam region may inhibit cavity growth.
It could also be that heat conduction is greater in the sandstone than in
the other rocks and the assumption of an adlabatic process is no longer

true,

Obviously, there are many details yet to be investigated but, in general,
we feel that our simple theory represents very well the Initial plercing
rates at least for the first 30 seconds, and it can be used as a basis for

the temperature and stress computations.

Another test seemed of interest, namely, to determine the penetration
efficiency as a function of beam power. Figure 5-4 shows how cavity

depth increases with beam power when the total energy input is held
constant. The more quickly a given amount of energy is delivered, the
deeper is the cavity, since the adiabatic conditions are more closely
approached. When adiabatic conditions are fully obtained, then the cavity
depth should no longer depend on beam power. For the gabbro and the 9 kW
beam, this is not yet quite the case. Hence, with the higher beam power
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that we wiil have for the fieid tests, the piercing rate shouid increase
faster than proportionally with power. Figure 5-4 iilustrates rather
drasticaily the importance of the adiabatic conditions and, therefore,
the fact that with a iow power beam, say 2 kW, one simply can not get
representative experiments that provide a vaiid basis for extrapoiation

to higher power leveis.

As mentioned earlier, the beam width is not entireiy determined by beam
scattering but aiso by beam optics, mainiy the anguiar aperture of the
beam as it is focused by the magnetic iens, The anguiar aperture as
weil as the position of the so-cailed crossover can be moved by changing
the current through the iens., As discussed in Reference 9, the product

of angular aperture %o and diameter of the beam at the focus spot, do’

constant or, in other words, the so-caiied radiance of the beam is an

IS

invariant, T'f we reduce the anguiar aperture, we wiii automaticaiiy
increase the diameter of the beam at the focus and reduce the power
density N, As to which factor is of the greater importance if we aim for
max imun penetration, it depends on the circumstances. For instance, if
the power density is aiready so high that adiabatic conditions prevaii,
then it is not necessary to increase it further. With our present machine,
we can vary the position of the crossover oniy within narrow iimits. But
to see whether the focus position is of any importance under our present
conditions we made the comparative test with the resuits iisted in

Tabie 5-i. A reduced focus current means the crossover is further away
from the orifice of the gun and cioser to the top surface of the rock.

A smail change inr focus position wiii produce an increase in the depth of
the cavity of i0 percent in the case of the sandstone and of i7 percent,
for the gabbro.

A spinning disc beam anaiyzer was used to measure beam power profiies.
Figure 5-5 shows an exampie corresponding ciosely to the conditions of
Tabie 5-i. Totai beam current was 60 mA and i50 kV and the piane of

measurement, i/2 inch beiow the gun exit orifice. At i.28 A focus current,
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optimum beam transmisslon efficiency was obtalned, but at 1.14 A, the beam
spot in the plane of measurement is noticeably narrower. The beam angle

is also smaller because of the longer focusing distance. The gun was
adjusted to keep the beam current the same for both cases. Each trace

in Figure 5-5 represents a scan through the beam at varlous distances

from the center axis. The horlzontal scale is | major division = 0,085 ém;
scan lires are separated by 0.04 cm., The vertlcal scale is arbitrary.

Detailed evaluations have not been made at thls tlime.

Our field test gun will have a greater latltude In the poslitlon of the

beam focus that was avallable for the test of Table 5-1.

Table 5=1
INFLUENCE OF FOCUS POSITION ON THE DEPTH OF PENETRATION

Beam Elapsed Focus Cavity Increase In
Rock Current Tlme Current | Depth Cavity Depth
Sandstone 15 mA 8.0 sec 1.30A 2.1 em -
" i5 8.0 .18 2.3 10%
Gabbro 30 8.0 1.30 2.8 -
" 30 8.0 1.24 3.3 17%

(The extent to whlch the focus could be changed was iImited by certain

desIgn parameters of thls gun.)

Just to collect all the Informatlon that s contalned In the above tests,
and wlthout any attempt at completeness of the analysls, we have plotted
In Flgure 5-6 the observed depth vs. beam power (as already shown in
Figure 5-4) in logarithmlc coordlnates. Going to higher beam powers,

yet keeplng the expended energy constant, clearly has advantages.

Flgure 5-7 shows the depth-to-wldth ratio obtalned for constant energy
input but with various beam powers; there Is a marked difference between



Cavity Depth, cm

Beam Current, mA
1 2 3 4 56 8 10 20 0 4 50 6

10_ T T 1 1. 1 1 1 I | 1 T]

8 ]

6 )

4t

2_

1: ~
0.8} j
0.6: © Gabbro 144 kJ n

" o Sandstone 18 kJ .
U_=Const.
0.4} °=150kv ~
— —
0.2} : =
i Ll | [ N
0.2 0.4 0.6 0.81 2 4 6 8 10

Beam Power, kW

Figure 5-6. Influence of Beam Power on Achieved Piercing
Depth for Constant Energy Input (Log-Log Scales)
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sandstone and gabbro. If, however, we plot depth-to-width as a function
of depth for a power of 9 kW, as in Figure 5-8, we get initially (for
small depths in the order of 1 inch) large differences for different
rocks, Yet these disappear when we reach 2 to 4 inches depth. There,

the depth-to-width ratio approaches a common value of about 4.25., Because
of the limited number of observations, we do not want to speculate on the

reasons for this behavior,
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5.2 OTHER LABORATORY TESTS

Over the past year, we have accumuiated a great number of specimens of
different types of rock to be used to investigate the efficiency oi the
electron beam method. However, these tests have been postponed until

the higher power machine with horizontal beam is fully operational.

5-14



APPENDIX A
CARRIAGE DESIGN SPECIFICATION
AND ASSEMBLY DRAWINGS
FOR
ELECTRON BEAM GUN

EVALUATION PROGRAM



ap jpam pes pum IR D PEE BEE ED  EEl  PEIY S SN S e Sl aaed e

WESTINGHOUSE ELECTRIC CORPORATION
SUNNYVALE, CALIFORNIA

S-71-1

ELECTRON BEAM GUN
EVALUATION PROGRAM

CARRIAGE DES IGN
SPECIFICATION

No Revision

Sponsored By

Advanced Research Projects Agency
ARPA Order Number: 1578
Program Code Number: OF10

Monitored By Bureau of Mines
Under Contract Number: HO0110377

Effective Date of Contract:

11 Dec. 1970

Amount of Contract: $240,000

Approved

Senior Eng¥neer
Telephone 408/735-2508

February 1971

Approved




P

e pem pm i 00 B0 B DR B B WE O Ep W e e

1.0
2.0
3.0
L.0

6.0
7.0
8.0

SCOPE
INTRODUCTION

GENERAL REQUIREMENTS

GUN/CARRIAGE/ANCILLARY EQUIPMENT INTERFACES

CARRIAGE PERFORMANCE
CONTROLS
SAFETY REQUIREMENTS

UTILITIES

ELECTRON BEAM GUN
CARR1AGE DESIGN
SPECIFICATION

CONTENTS




LIST OF FIGURES

Page
Fig. 1 Electron Beam Gun System Schematic A=l
Fig. 2 Electron Beam Gun Space Envelope A-6
Fig. 3 Electron Beam Gun Mount Details A-7
Fig. 4 Upper Stage Vacuum Pump System Space Envelope A-8

Fig. § Axis Orientation A-10




S

ELECTRON BEAM GUN
CAPRIAGE DESIGN SPECIFICATION

1.0 SCOPE

2.0

This document defines the design parametena\gnd characteristics

for an electron beam gun carriage for use in a fleid test of the

gun's rock cutting capabiiities.

INTRODUCT iON
2.1 Fileld Test Proqram

2.2

The field test program is intended to evaiuate the electron
beam qun as.a prime mechanism of fragmentation in a rock
excavation process. The test wiil be conducted in a hard
rock field environment with objectives of estabiishing a
correfation betwecen iaboratory test data and field results,
and determining effects of variables such as standoff
distance and cutting speed, A secondary objective of the
field tests is to evaluate gun handiing and support systems

in the field environment.

Carriage Functions

The carriage and associated equipment are intended for use

viith the electron beam gun in the field test program, The
carriage is the device which supports, manipulates and positions
the gun during transport and cutting operations, The carriage
also carries anciliary equipment such as vacuum systems or
shielding required in close proximity during these operations,

A-1
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3.0 GENERAL REQUIREMENTS

3.1 Flield Test Site

3.1.1

3.'.2

Work Face

The field tests will be conducted on a large, relatively
unfractured rock mass. The max Imum sjze of the rock face
to be worked from a single carriage location shall be efght
fect high byeight feet wide. The base of the six foot
square work face shail be at ground level, i.e., in the
piane upon which the carriage rests. In order to permit
excavation of a tunnel, the total projected frontal area

of the gun and carriage assembly must be contained within

the six foot square work face outline described above.

Jest Site Environment

The field tests wiil be conducted in surface excavation
(quarry) or an underground excavation site. The ground
surface can be expected to be crushed rock or earthfiii,
The carriage shall be designed to withstand and operate
under the following environmentai conditions:
a) AmBlent temperature: variabie from
32°F to 120°F
b) Exposure to direct sunlight
c) Exposure to intermittent rainfail
d) Atmosphere containing abrasive dust
or fine rock debris product in

excavation process.

3.2 Portabilit

3.2.'

Site to Site Movement

The carriage shall be designel in such a manner as to
facilitate transportation from one work site to another.
The carriage may be trailer-mounted or mounted on a skid
requiring transportation by truck., In elther case the

capabilities of a coomercial carrier should not be exceeded.
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3.2.2 On Site Mobility

The carriage shall have the capability of being moved
from one work location to another at the same test site.
To achieve this mobility the carriage may be mounted on
wheels or equipped with skids for handling with a fork
lift. When on location on a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>